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Summary
This project details the investigation into the changes that home-grown
carbon-enriched zinc oxide(ZnO) nanowires undergo when used as field elec-
tron emitters.
Two types of ZnO nanowires were made the focus of this study. Sample
I produced blue-green colour fluorescence under ultraviolet(UV) illumination,
and Sample II produced brown colour fluorescence. The two samples were
produced via chemical vapour deposition(CVD) in a tube furnace at different
temperatures. The difference in fluorescence colour is attributed to the dif-
ferent defects that dominate the nanowires: oxygen vacancies producing the
blue-green of Sample I, and ZnxCy species producing the brown of Sample II.
It was found that after being used as field electron emitters, the intensity of
the fluorescence from Sample I was increased. Sample II was found to also
have increased fluorescence intensity, but in addition to this, there was also a
change in its fluorescence colour from brown to a blue-green colour similar to
that of Sample I.
This report includes images from a UV fluorescence microscope as well
as photoluminescence(PL) data of the samples showing the initial fluorescence
and the changes after the samples were used as field electron emitters. We then
attempt to analyse the changes using scanning electron microscope(SEM) im-
ages, energy-dispersive X-ray spectroscopy(EDX/EDS), X-ray photoelectron
v
spectroscopy(XPS) and ultraviolet photoelectron spectroscopy(UPS).
We theorise that the changes are a result of a shift in chemical composition
in the nanowires brought about by joule heating due to the field emission cur-
rent. We believe that the heating esperienced by the nanowires results in the
migration of carbon out from the core to the surface of the nanowires, where
oxidation happens. As the samples are tested in high vacuum, the oxidation
requires the use of oxygen from the nanowires, resulting in an increase in oxy-
gen vacancies and subsequently an increase in blue-green fluorescence.
In addition we assessed the field emission performance of the ZnO nanowires.
We find that the blue-green nanowires outperform the brown nanowires as field
emitters. Sample I was found to have a turn-on field of 3.85V/µm and a thresh-
old field of 5.55V/µm, while the values for Sample II were determined to be
6.90V/µm and 9.15V/µm respectively.
It was also found that the nanowires, when used a field emitters for pro-
longed durations, would exhibit either an increase or decrease in emission
current depending on the applied field. The decrease of emission current is
understood to be due to the gradual failure of the nanowires. The increase
in emission current on the other hand, while indicating an improvement in
the nanowires as field emitters, could be due to either changes in the work
function of the nanowires, or changes to the nanowire structure. We present
vi
findings that high enough emission current can cause melting of the nanowires,
and believe that at lower currents, there is a migration of carbon out of the
nanowires, resulting in a chemical modification. The measured work functions
of the nanowires was lower after the chemical modification, resulting in an
increase in field emission current.
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Field electron emission (FE) is the emission of electrons from a surface due
to the presence of high electromagnetic fields. The process of field emission as
a method of producing electrons is distinct from other electron generation pro-
cesses such as the photoemission and thermionic emission. Whereas both the
photo and thermionic emission require that the electrons have enough energy
to escape over the potential barrier, electrons in field emission are produced
by tunnelling through the potential barrier, making it a purely quantum me-
chanical effect, with no classical analog. The theory of field emission from
bulk metals was proposed by R.H.Fowler and L.Nordheim[1], which can be
understood from Figure 1.
Figure 1: Energy-level diagram for field emission from a metal at absolute
zero temperature with the reduction in barrier width due to the presence of
an electric field.
The metal can be considered a potential box, filled with electrons to the
Fermi level, Ef , which lies below the vacuum level. The distance from Fermi to
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vacuum level is denoted by the work function, Φ. The vacuum level represents
the potential energy of an electron at rest outside the metal, in the absence of
an external field. In the presence of a strong field, the potential outside the
metal will be deformed so that a triangular barrier is formed, which electrons
can tunnel through. The majority of the emission will occur from the vicinity
of the Fermi level where the barrier is thinnest. The stronger the electric field,
the more the potential barried deformed and the thinner the barrier becomes.
As tunneling probability changes exponentially with barrier thickness, small
changes in an external electric field will produce a large change in the field
emission current. A family of equations, the Fowler-Nordheim equations, de-
scribes the theory of field emission and relates current density to electric field.
Strictly speaking, the Fowler-Nordheim equations apply only to field emission
from bulk metals and to other bulk crystalline solids, but they can be used as
a rough approximation to describe field emission from other materials.
For this project, we will make use of a simplified standard Fowler-Nordheim-












A = 1.541× 10−6AeVV−2
B = 6.831× 103eV− 32Vµm−1
In Eq(1), J(E) represents current density, Φ is the work function of the ma-
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terial and E is the electric field applied on the material, A & B are constants
of the given values [2].
Nanostructures are of special interest in the area of field emissions. Due
to their dimensions, aspect ratios and small radius of curvature at their tips,
nanostructures experience high electric field enhancement[3, 4]. This field en-
hancement acts to reduce the potential barrier thickness even further, allowing
electrons even greater probability to tunnel through. Because of the field en-
hancement, the turn on field required by the nanostructure to produce a field
emission current is much less than the field required by a bulk material.
The Fowler-Nordheim equation for nanostructures, taking into account the






































, also known as a Fowler-
Nordheim plot, will allow us to find the value of the enhancement factor from
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the gradient, provided the work function of the nanowire is known or vice
versa.
1.2 Fluorescence of Zinc Oxide Nanowires
Zinc oxide is a direct band gap material with an energy gap of 3.3eV, cor-
responding to an emission wavelength of around 380nm. However, it is found
that many zinc oxide structures exhibit fluorescence in the visible region when
illuminated by UV light. In a photoluminescence(PL) scan, zinc oxide pro-
duces a characteristic double peak spectra as shown in Figure 2. The peak
at around 380nm corresponds to the recombination of exciton pairs across the
energy gap of zinc oxide, and is aptly known as the exciton peak. The broader
peak at around 520nm has been attributed to emissions from defect sites in the
crystalline structure of the zinc oxide and is aptly labelled the defect peak. The
defect peak consists of the overlap of several different peaks and each of which
are produced from a different kind of crystal defect. The peak wavelength of
the defect peak will shift depending on which defect type is more prevalent
in the ZnO crystal structure. While the fluorescence of ZnO has been well
studied and many of the defect associated emissions have been documented,
there are still some under investigation[5].
A study into the nature of the fluorescence of ZnO by Kumar et al.[6]
showed that a high quality epitaxial ZnO film produced by pulsed laser depo-
sition under low oxygen conditions produced only a single PL peak at 378nm.
4
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At higher temperatures, the presence of a secondary peak began to emerge
which was attributed to defects created in the film due to elevated thermal
energy of the atoms in the lattice.
Figure 2: PL spectrum of a zinc oxide nanowire sample showing both the
exciton (380nm) and the defect peak (520-540nm).
In the same study by Kumar et al., they found that by introducing a con-
stant oxygen pressure of 100 mTorr during the growth process, the PL spectra
of the film was altered from the single peak to the double peak known to be
characteristic of ZnO. The PL spectra was found to have a peak at around
630nm, which they attribute to the presence of excess oxygen in the crystal
structure.
The broad secondary peak which appears in the PL spectra of zinc oxide
is formed from the emission from defect sites in the lattice, and some of the
reported values for the difference peaks and their respective origins are: 525nm
5
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’Green’ peak due to oxygen vacancies or zinc vacancies [7], 630nm ’Orange’





2.1 Sample preparation and growth
2.1.1 Preparation of silicon substrate
The substrate used for this project was commercially obtained silicon wafers
(n-type). In preparation for the nanowire synthesis, the silicon was first cleaned
using an ultrasonic bath while immersed in acetone for 10 minutes. After that
the process was repeated using isopropyl alcohol(IPA), followed by distilled
water.
In order to facilitate the growth of the ZnO nanowires, a thin layer of ZnO
(100-150nm thick) was deposited on the surface of the silicon wafer. This layer
was created by sputter deposition from a solid ZnO sputter target, and serves
as a catalyst site for the formation of the ZnO nanowires.
Figure 3: SEM image showing cross section of a silicon wafer with a 130nm
layer of ZnO sputtered on it.
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2.1.2 Preparation of zinc oxide nanowire precursor
The source of material used for the growth of zinc oxide nanowire consists
of a mixture of zinc oxide powder and graphite powder in a ZnO:C=1:1 ratio
by mass (1 : 7 ratio by mole). The source powders were obtained commercially
from Sigma-Aldrich. Powders were mechanically mixed with pestle and mortar
to obtain a uniform mixture.
2.1.3 Growth of ZnO Nanowires
The zinc oxide nanowires used in this project were grown by a chemical
vapour deposition (CVD) process inside a tube furnace at elevated temper-
atures and low pressure. A schematic diagram of the tube furnace setup is
shown in Figure 4.
Figure 4: Cross section diagram of tube furnace illustrating the placement of
the components involved in the ZnO nanowire growth.
0.4g of the ZnO/graphite powder mixture was placed at the closed end
of a quartz tube. The ZnO-sputtered silicon wafers were then inserted inside
the quartz tube, which was then placed inside the tube furnace. The distance
from the furnace center to both the quartz tube end (designated x1) and silicon
8
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wafer (x2) (Figure 5) was noted. The tube furnace was then sealed shut, and
then vacuum pumped. A mixture of 99.5% argon and 0.5% oxygen gas was
introduced into the chamber and the chamber pressure allowed to stabilize at
a pressure of 2.0mbar . The tube furnace was then heated to 800− 900◦C for
a set amount of time before being allowed to cool to room temperature.
Figure 5: Diagram showing the distance values of interest measured to the tube
furnace center, as well as the expected chemical reaction for the formation of
the ZnO nanowires.
The temperature required for the decomposition of ZnO to the constituent
zinc and oxygen is around 1975◦C at standard pressure. However, the presence
of carbon in the precursor mixture allows for a carbothermic reduction of zinc
oxide[10] to take place at a lower temperature of around 900◦C. We expect
the following reaction to take place at the precursor, which is exposed to the
highest temperatures in the furnace.
ZnO(s) + C(s)→ Zn(g) + CO(g)
The vapour diffuses towards the open end of the quartz tube where the
lower temperature and reaction with oxygen in the carrier gas causes nucleation
9
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on the sputtered ZnO seed layer on the silicon wafer. Due to the presence of
excess carbon in the precursor, we anticipate the inclusion of carbon in the
nanowire lattice as a ZnxCy compound.
2Zn(g) + O2(g)→ 2ZnO(s)
Zn(g) + C(g)→ ZnxCy(s)
2.2 Field Emission Measurements
The schematic diagram of the apparatus used to measure the field emission
of the samples is shown in Figure 6.
Figure 6: Diagram of equipment used in field emission test.
The sample was mounted on an aluminium plate which served as the cath-
ode. A glass microscope slide coated with indium tin oxide (ITO) was used
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as the anode. The ITO coating allowed the slide to be conductive yet trans-
parent. The separation of the sample from the anode was controlled by the
number of plastic spacers, in increments of 100µm. The spacer acted to ensure
that there was no electrical contact between the sample and the anode, as well
as to define the area of the sample exposed to the anode. The sample, spacer
and anode ITO glass were clamped to the cathode to achieve good electrical
contact of the sample to the cathode, as well as to ensure minimum separation
between the sample and the anode. The sample stage was placed in a cham-
ber which was then vacuum pumped using a mechanical and turbomolecular
pump to achieve a vacuum pressure of < 5 × 10−6mbar after several hours
of pumping. The anode and cathode of the sample stage were connected via
electrical feedthroughs to the voltage source.
A Keithley 237 High Voltage Source-Measurement Unit was used as a volt-
age source (0− 1100V) as well as a current measuring device (10−9− 10−3 A).
Using the Keithley 237, two types of measurements were performed:
1. Current response to voltage ramp. Voltage ramped from 0−1100V
or target maximum voltage and resulting current measured.
Results are displayed in a plot of current density vs electric field (J vs E).
This allows for standardized comparisons with literature studies on field
emission as it takes into account the area tested and distance between
emitter and collector which may differ across research groups.
Of particular interest when dealing with field emitters are two values
11
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termed the turn-on field and the threshold field. The turn-on field here
we defined as the electric field required to produce a current density
of 10µA/cm2, while the current density for the threshold field is set at
1mA/cm2. These values give a qualitative comparison of field emitters,
with lower values indicating better field emitters as they are able to
produce more current under a lower field.
2. Current response to constant voltage. Voltage was maintained at a
constant value and the current produced measured over time. This mode
was used to test the stability of the nanowires as field electron emitters
in a constant ’ON’ state.
2.3 Sample Characterization
2.3.1 Fluorescence Microscopy(FM) and Photoluminescence(PL)
Fluorescence microscopy was made use of frequently throughout this project
as it provided a quick way to spot any changes to the fluorescence of the sample
caused by the field emission process. A schematic diagram of the microscope
is shown in Figure 7.
An Olympus BX51 model microscope was used for the fluorescence mi-
croscopy. The microscope was able to function as normal optical microscope for
bright/dark field imaging. In order to perform FM, a mercury lamp was used
12
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as a light source instead of the normal xenon lamp. The light from the mercury
lamp was directed through an optical filter to only pass UV light through to
the sample. Fluorescence from the sample was collected back through the ob-
jective lens of the microscope, passed through a dichroic mirror and captured
by a camera which sent the data to a computer.
Figure 7: Schematic diagram of the fluorescence microscope setup
The I-line emission of mercury-vapour lamps corresponding to energies of
365nm is sufficient to excite the ZnO electrons across its bandgap of 380nm
(3.3eV). As mentioned previously, for a perfect ZnO crystal this would result in
a single emission peak around 380nm. However, in ZnO crystals with defects,
additional energy levels exist, giving rise to the emissions in the visible range.
The emission filter in the microscope is selected such that only the 400-700nm
region of light is captured by the camera.
For PL, the microscope setup used is similar to that of FM, but a He-Cd
laser (325nm) is used as a source and a photodetector replaces the camera in
order to measure fluorescence intensity versus wavelength.
13
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3 Data and Analysis
3.1 Analysis of ZnO Nanowire Growth
The previous section described the setup and method in which the ZnO
nanowires were grown. Below lists some parameters that can be manipulated
to affect the growth of the nanowires:
• Furnace temperature
• Substrate distance to furnace center
• Precursor distance to furnace center
• Precursor C : ZnO ratio
• Carrier gas O2 composition
• Carrier gas mass flow rate
• Tube furnace pressure
• Substrate size
This report only focuses on the first two variables, the furnace temperature
and the distance of the substrate from the furnace center. By manipulating
these variables, in particular the furnace temperature, we were able to signifi-
cantly influence both the growth morphology as well as the UV fluorescence of
the zinc oxide nanowires. The results are discussed in the following sections.
14
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3.1.1 Furnace Temperature
Furnace temperature during the CVD process was found to have a substan-
tial influence on growth of the ZnO nanowires. While no nanowire growth was
observed at 800◦C, the nanowires grown at 850◦C and at 900◦C differed not
only in their growth morphology (Figure 8), but also in their UV fluorescence
(Figure 9).
Note: For ease of reading, we will refer to the sample grown at
900◦C as Sample I, and sample grown at 850◦C as Sample II
Figure 8: SEM images of ZnO nanowires grown at 900◦C (a)(b)(c)(Sample I)
and 850◦C (d)(e)(f)(Sample II). Images are top view (a)(d), side view (b)(d)
and high magnification (c)(f). No growth was observed at 800◦C.
Sample I(green) Sample II(brown)
Nanowire Diameter(µm) 100 ± 10 109 ± 7
Nanowire Length(µm) 80 ± 10 68 ± 5
Area Density(/µm2) 0.74 ± 0.05 0.82 ± 0.09
Table 1: Table showing the growth characterisation of ZnO nanowires from
Sample I and Sample II.
From the SEM images in Figure 8, Table 1 was compiled. Analysis of the
15
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SEM images and the numerical data shows that while the zinc oxide nanowires
grown in Sample II were found to be more uniform in terms of growth orien-
tation and length compared to Sample I, the nanowires for both samples did
not differ greatly in terms of diameter.
Figure 9: UV Fluorescence microscope images of Sample I (a)(b) and Sample
II (c)(d). Images (a)(c) show the bulk sample (scale bar=5µm), while (b)(d)
are of individual nanowires after a dry contact transfer process to silicon wafers
(scale bar=50µm).
Under UV excitation, Sample I was observed to produced the blue-green
colour (Figure 9(a)) often reported for zinc oxide, whereas Sample II pro-
duced a reddish-brown colour. Under higher magnification, it is noted that
the nanowires from Sample I appear homogeneous in colour, with some varia-
tions in the intensity produced by individual nanowires. The nanowires from
Sample II on the other hand were noted to have a more heterogeneous colour
16
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structure, consisting of brown inter-spaced with bright areas of yellow-green.
The fluorescence intensity of Sample I was also found to be higher than that
of Sample II.
Figure 10: PL data comparison for Sample I and Sample II. Unmodified data
in (a) shows the difference in emission intensity for the two samples, with the
peak intensity of Sample I 10x higher than Sample II. Normalized PL data
in (b) shows the two peaks that each sample produces. Sample I peaks at
525-550nm and Sample II peaks at 630nm giving rise to the blue-green and
red-brown colour for the respective samples.
Figure 10 contains the photoluminescence data comparison for the ZnO
nanowires grown at the two different temperatures. From the data we see
the expected difference in peak positions. The 900◦C sample peaks around
the 535nm region and the 850◦C sample peaks around 650nm region, giving
rise to the blue-green and red-brown colour seen in the fluorescent microscopy
images. The intensity of the brown sample is also significantly lower compared
to the green, which has been seen in the FM images mentioned previously.
17
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3.1.2 Substrate distance
A second factor influencing the growth of the ZnO nanowires is the dis-
tance of the substrate from the center of the tube furnace. There are two
main ways to alter this distance: either by changing the position of the quartz
tube within the tube furnace, or changing the placement of the silicon wafer
within the quartz tube. The distance the substrate is from the center of the
tube furnace affects the nanowire growth due to the temperature profile of the
furnace, shown in Figure 11.
Figure 11: Temperature profile of the tube furnace used for this experiment.
As can be seen from Figure 111, at distances of x >15cm from the furnace
center, the temperature drops rapidly. When ZnO nanowires were grown on a
silicon substrate placed across the temperature gradient (mentioned previously
as being designated as x2 growth parameter), variation in the nanowires was
1Data provided by K.Y.Lim, Nanomaterials Research Lab
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observed as can be seen in Figure 12.
Figure 12: A 5cm long silicon wafer after the ZnO nanowire growth process
under ambient lighting demonstrating a colour gradient along its length.
Figure 13: FM images of bulk fluorescence(a) and individual nanowires (b) at
different distances on a single long silicon substrate. Difference in fluorescence
arises from the change in composition the precursor flux as it diffuses through
the quartz tube. Green fluorescence, which has been attributed to oxygen
vacancies, is most pronounced in the left of the image series, which also cor-
responds to furthest distance from the inflow of the oxygen in the carrier gas
into the tube furnace.
Figure 13 shows a collage of the different colours the ZnO nanowires can
produce under UV illumination. By varying the distance of the silicon wafer
to the furnace center, we are able to produce colours ranging from yellow-green
to blue-green to green-brown and brown.
19
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3.2 Fluorescence Modification via Field Emission
Figure 14: Diagram showing the expected emission of electrons from the ZnO
nanowires to the indium tin oxide coated glass slide under a high electric field.
Figure 14 shows a schematic diagram of the nanowires under field emission
testing using the setup previously show in Figure 6. Both Sample I and Sample
II were tested and were found to produce measurable current as can be seen
in Figure 15.
Figure 15: Field emission tests results for Sample I and II. Sample I outper-
forms Sample II as a field emitter when measured in terms of turn-on field and
threshold field.
20
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From the field emission measurements, we were able to determine the turn-
on field as well as the threshold field for our samples. Sample I was found to
have a turn on field of 3.85V/µm and a threshold field of 5.55V/µm, while the
values for Sample II were determined to be 6.90V/µm and 9.15V/µm respec-
tively. Since both the length and diameters of the nanowires from Sample I
and Sample II are similar, as shown in Table 1, we assume the enhancement
factor for both nanowires are also similar. With this assumption, we hypoth-
esize that the difference in emission capabilities comes from the difference in
the work functions of the two samples.
An interesting observation was noticed after the field emission test. It was
found that the UV fluorescence intensity of both the samples after field emis-
sion was increased by a significant amount, as shown in Figure 16. In addition,
the brown fluorescence colour of Sample II was found to have changed to a
blue-green colour similar to that of Sample I.
The increase in fluorescence intensity for both samples, as well as the change
in fluorescence colour for Sample II as a result of the field emission testing has
so far not been reported in literature. These observations form the back bone
of this project as we investigate the effect of field emission on the fluorescence,
as well as attempt to explain how it occurs. In the subsequent sections, we
will analyse Sample I and Sample II in more detail.
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Figure 16: FM images of Sample I: (a)(b), and Sample II: (c)(d), before and
after field emission: (a)(c) vs (b)(d). Both samples exhibit increase in fluores-
cence intensity after field emission, while Sample II also demonstrates a change
in fluorescence colour. Black spots in (d) indicate areas where the nanowires
have been damaged during the field emission process.
22
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3.3 Sample I
In the previous section, we have introduced the observable changes in UV
fluorescence after a ZnO nanowires sample is used as a field emitter. While
we are able to grow the ZnO nanowires to have a variety of colours, we choose
to focus our examination on two particular samples, namely the blue-green
(designated Sample I, grown at 900◦C) and the brown (designated Sample II,
grown at 850◦C). Sample I was chosen as it was the nanowire colour that was
most often observed during our growth processes as well as producing the the
PL peak of 520-530nm more often reported for ZnO. These suggests a more
stable form of the ZnO nanowires in comparison to the other colours. Sample
II on the other hand was chosen as the red-brown colour was most different
from the blue-green colour of Sample I.
3.3.1 Field Emission Results and Characterisation
As described in the introduction, we perform our field emission testing
using two methods, measuring the field emission current response to applied
voltage (I-V), and with respect to time(I-t). The current to voltage response
(I-V characterisation) of Sample I was first measured, followed by exposing
the sample to a constant electric field of 5V/µm over a period of 30 minutes
to test the sample’s current stability. The current measured over time, as well
as subsequent I-V measurements showed that there was an increase in field
emission current from the sample as a result of the stability test. We attribute
the sharp drops in current, seen in Figure 17(a) to be due to the destruction of
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the nanowires in a local region. The gradual increase in emission current over
time could be due to the removal of surface adsorbed contaminates, or due to
the nanowires undergoing some chemical or physical changes.
Figure 17: (a) Field emission stability test (I-t mode) on Sample I shows a
gradual rise in output current, interspaced with some abrupt drops in current
which we attribute to the destruction of nanowires due to the heating effect of
the current.(b) Field emission I-V plot of Sample I before and after stability
test under a field of 5V/µm for 30mins. We find that the emission current has
approximately doubled after the test, mirroring the results in (a).(c) shows the
F-N plot for Sample I before and after the test. Right edge of plot corresponds
to non field emission region of data, and is ignored for fitting purposes.
3.3.2 Fluorescence Microscopy and Photoluminescence
Figure 18 shows the fluorescence microscopy images of Sample I before and
after the field emission process.
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Figure 18: Fluorescence microscope images of Sample I before (a-c) and after
field emission (d-f). Image (a)(d) are top view of the sample at low mag-
nification (scale bar = 50µm), (b)(e) are the side view and (c)(f) are of the
individual nanowires after dry contact transfer onto a silicon wafer (scale bar
for (b-c)&(d-f) = 5V/µm). Increase in fluorescence intensity is noticeable after
field emission when seen from bulk image or the side image, but not clearly
visible when examining the individual nanowires.
From Figure 18, we see that the intensity of the ZnO nanowire fluorescence
is increased after the field emission process. This is supported by the PL data
as shown in Figure 19(a) where it can be seen that the maximum intensity of
the defect peak more than doubles. Based on the FM images of the individual
nanowires, we note that the change in fluorescence of the nanowires is small
and only noticeable when examining the bulk structure. The increase in fluo-
rescence intensity remains after the sample was left in ambient conditions, and
this would suggest that the change in fluorescence is due to a chemical change,
rather than just the removal of surface adsorbed contaminants.
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Figure 19: PL data for green ZnO nanowire before and after modification. (a)
shows the increase in intensity after modification. (b) is the normalized plot.
From Figure 18 and 19, we see that there is a significant increase in the
intensity of the fluorescence from the nanowires of Sample I. As mentioned in
the introduction, visible range fluorescence is attributed to the defects in the
ZnO lattice, thus this increase in fluorescence would indicated an increase in
the amount of defect sites. Apart from that, we note that in Figure 19(b), the
ratio of exciton peak to defect peak shows an increase in favour of exciton peak
after the field emission process. There is also a slight narrowing in the spread
of the defect peak around the 600-700nm region of the spectra, suggesting a
reduction in ZnxCy bonding sites believed to be responsible for the red-brown
emission colour.
3.3.3 Fluorescence Response to Electric Fields Strength
Figure 20 show microscope images of the UV fluorescence of Sample I and
how it changes when the sample is exposed to different electric fields.
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Figure 20: FM images of Sample I after undergoing field emission testing
under different electric fields strength: (a) No field, (b) 3V/µm, (c) 5V/µm,
(d) 7V/µm for 30minutes each. (Scale bar = 5µm)
The current density produced for the respective samples were recorded as
114µA/cm2, 780µA/cm2 and 1420µA/cm2 for sample (b),(c) and (d) of Figure
20 respectively. The increase in current density with higher electric field is ex-
pected as a property of a field electron emitter. From Figure 20 and 21, we find
there is a correlation with the current density and the increase in fluorescence
intensity, which is in agreement with the hypothesis that the heat generated
from the emission current is the main cause for change in the nanowire. Com-
paring the exciton peak to defect peak ratio, the exciton peak ratio rises when
going from 3V/µm to 5V/µm, but then decreases for the 7V/µm sample. As
mentioned in the introduction, the exciton peak provides a quantitative mea-
surement of the ZnO crystal lattice, and it appears that going beyond 5V/µm
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sees a decrease in the ZnO lattice quality with more oxygen vacancies produced
as indicated by the increase in the defect peak intensity.
Figure 21: (a)PL spectra for Sample I showing the change in fluorescence
intensity of the sample when tested under different electric fields. Defect peak
intensity is seen to increase with increasing electric field strength. The exciton
peak to defect peak also experiences an increase going from 3V/µm to 5V/µm,
however decreases for the sample tested under 7V/µm.




Atomic% 41.9 ± 0.9 39.1 ± 0.3 19.0 ± 0.7
Ratio to Zn 1 0.93 0.45
1.5KeV
Atomic% 59.9 ± 0.6 34.9 ± 0.2 5.2 ± 0.5




Atomic% 40.8 ± 0.7 38.8 ± 0.7 20.4 ± 0.4
Ratio to Zn 1 0.95 0.50
1.5KeV
Atomic% 54 ± 2 33.3 ± 0.7 13 ± 1
Ratio to Zn 1 0.61 0.23
Table 2: EDX atomic composition of Sample II before and after field emission
as measured using electron source of two different energy
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Table 2 shows the results of the EDX scan on Sample I before and after field
emission. The analysis was done using electron beams with energies of 1.5KeV
and 15KeV which have penetration depths of <100nm[11] and 1 − 2µm[12]
respectively. Based on the dimensions of our nanowires, these energies allow
us to probe the elemental composition either of a single nanowire, or through-
out the entire ZnO structure. For the data collected using the 15KeV beam,
it was found that there was no significant change in elemental composition
of the nanowire before and after field emission. However, due to the pene-
tration of the 15KeV beam, it is possible to obtain elemental composition of
the nanowires all the way to the silicon substrate. Since the field emission
only occurs at the tips, we believe that the 15KeV may not be an accurate
representation of the changes that the nanowires experience due to the field
emission. On the other hand, the scan of 1.5KeV showed a significant increase
in the carbon concentration after the field emission process. As the 1.5KeV
probes the surface of the nanowires, this would indicate that the field emission
process, possible due to the joule heating of the emission current, cause the
migration of the carbon species to the exterior of the ZnO nanowire for this
sample.
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3.3.5 X-ray Photoelectron Spectroscopy
Figure 22: XPS fine scans for Sample I before and after field emission
(E=5V/µm).
Figure 22 shows the XPS data for Sample I before and after field emission.
The scans for the carbon(a) and zinc peaks(c) show no significant change. The
oxygen XPS peaks (b) show a decrease in the ratio of the peak attributed to
Zn-O in comparison to the peak for Zn-OH. The -OH is attributed to contam-
ination from atmospheric water vapour[14]. The decrease in the peak of Zn-O
matches up with the EDX data that indicates the reduction of zinc on the
surface of the nanowires after field emission. It is also in agreement with the
PL data showing the increase in blue-green fluorescence, which is attributed
to an increase in oxygen vacancies.
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3.3.6 High-Resolution Transmission Electron Microscope
Figure 23: HRTEM images of green fluorescing ZnO nanowires[9].
We were unable to obtain HRTEM images of the nanowires used for field
emission. However, HRTEM images of green fluorescing ZnO nanowires grown
under the exact same conditions (Sample I type) were provided by K.Y.Lim.
The images show ZnO nanowires with a lattice spacing of 0.26nm in the [0002]
direction [9]. The crystal lattice for the nanowire is seen extending continu-
ously from exterior surface to the core of the nanowire.
31
3. DATA AND ANALYSIS
3.4 Sample II
3.4.1 Field Emission Results and Characterisation
Figure 24: (a)Field emission stability measurement for Sample II at 5.5V/µm
and 11V/µm. (b) I-V curve for Sample II after stability test at 11V/µm shows
emission current decreased by half. (c) I-V curve for Sample II after stability
test at 5.5V/µm shows a 7x increase in emission current. (d) F-N plot of
Sample II comparing field emission data before and after the stability test at
5.5V/µm
The performance of Sample II as a field emitter was also tested under both
I-V and I-t modes. When placed under a field of 5.5V/µm over a period of
1 hour, the emission current was found to rise over time, similar to what was
observed for Sample I as discussed previously. The I-V measurement taken be-
fore and after the 1 hour stability test showed an increase in emission current
of about 7x times.
32
3. DATA AND ANALYSIS
When the field strength was increased to 11V/µm, the emission current
produced was significantly higher, and also demonstrated a rise in current
over time. However, after a period, the current ceased to increase, and began
to gradually decrease, eventually dropping below the initial current.
The rise in the emission current indicates an improvement in the quality
of the sample as a field electron emitter. As with Sample I, we believe that
heating of the nanowire as a result of the current flow is the main reason for
the change. The difference between results in (b) and (c) suggest that there is
a threshold beyond which the heat generated by the emission current damages
rather than enhances the field emission.
Abrupt drops in emission current were observed for the sample tested at
11V/µm in the first few minutes of the test. Circular spots that were non-
fluorescing under FM were also noticed in the sample after the field emission
test. When seen in a cross-section view under SEM, as shown in Figure 25(b),
the spots were found to be damaged areas with melted ZnO residue remaining.
The damage was found to extend into the silicon wafer, and EDX elemental
mapping revealed the presence of silicon droplets left on the ZnO nanowires.
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Figure 25: (a) Abrupt emission current decrease (red arrow) during field emis-
sion testing attributed to the destruction of the field emitters in a localised
region. (b) Damaged area visible under a fluorescence microscope. (c) SEM
images showing a cross section of a melted area of ZnO nanowires and damage
to the silicon substrate. (d) EDX mapping shows droplets of melted silicon
have been deposited on the nanowires (blue arrows).
In Section 3.4.3 it is shown that the emission of current from the sample
can be localized due to the non-uniformity of the ZnO nanowire growth. We
believe this to be the reason for the current decrease and the damage sustained
as shown in Figure 25. A cluster of nanowires which grows longer than the
average nanowires will experience a higher electric field compared to the rest
of the sample and will be the source of most of the emission current. If the
current produces enough heat to destroy the nanowires, this will result in a
drop in emission current as we have observed. This process is expected to re-
peat until the surviving nanowires are of similar lengths and due to proximity
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to each other, experience a shielding effect that limits the amount of current
flowing through each nanowire.
Apart from the rapid drop current, we also observe a gradual decrease in
emission current over time for the sample tested at 11V/µm. We attribute
this decrease to a slow but gradual destruction of the field emitting nanowires.
Figure 26 shows the presence of droplets at the ends of the nanowires, indi-
cating that the nanowires are melting due to the field emission process. As
nanowire destruction is on a smaller scale compared to the previous example,
we only see an effect on the emission current as the destruction accumulates
over time.
Figure 26: Gradual decrease of field emission current while under high electric
field attributed to melting of the nanowires (blue circles).
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3.4.2 Fluorescence Microscopy and Photoluminescence
Figure 27: Fluorescence microscope images of Sample II before (a-c) and after
(d-f) field emission at E=11/µm . For Sample II, the field emission process
is found to transform the brown fluorescing nanowires to blue-green, similar
to that produced by Sample I. (f) Individual nanowires viewed under the FM
show that the nanowires are not homogeneous, but rather the blue-green colour
of the bulk sample is produced from small areas of high intensity.
For the Sample II, we find that after the field emission process, the tested
region changes from brown to blue-green, as can be seen in Figure 27. The
nanowires appear to be uniformly blue-green when seen as a bulk sample from
the top view and side view as shown in images (b)(d), but on inspection of the
individual nanowires, the blue-green fluorescence appears to be emitted from
small regions of high intensity along the nanowires. The rest of the nanowire
fluoresces a combination of brown and purple/violet, which was not observed
in Sample I.
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Figure 28: PL data for Sample II before and after field emission (E=11/µm).
(a) shows the increase in intensity after modification. (b) is the same data,
normalized to the defect peak for comparison.
The photoluminescence data for the brown shows the blue shift of the de-
fect peak, as was seen from the FM images. There is a significant increase
in fluorescence intensity similar to what was observed for Sample I. The flu-
orescence colour of the sample and the position of the defect peak at around
535nm after field emission also matches that of Sample I.
A similar shift of ZnO nanowire fluorescence from brown to green was re-
ported to have been achieved by thermal annealing in ambient conditions[15].
While the defect peak shift matched what was seen for Sample II, it was found
that for the thermal annealing, the exciton peak was almost totally quenched,
whereas for Sample II, the exciton peak was found to be higher than the defect
peak. For the thermal annealing case, they postulate that the excess oxygen
shifts the defect peak by altering the deep levels in ZnO, or oxiding off the
carbon species[9]. As the field emission was conducted under vacuum at pres-
sures of around 5×10−7mbar, we do not expect there to be excess oxygen to
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react with. Instead, any oxidation of carbon would require oxygen from the
nanowires creating more oxygen vacancies, which would explain the increase
in intensity of the defect peak (530nm defect peak being attributed to oxygen
vacancies).
The ratio of the 380nm exciton peak to the defect peak was also found
to have significantly increased after the field emission process for Sample II.
The presence of purple/violet coloured nanowires in the FM images of Figure
27(e), and the abundance of those nanowires in comparison to the blue-green
nanowires is in agreement with the peak ratios seen in the PL. Based on the
magnitude of change in the fluorescence colour of the nanowires of Sample I,
the brown fluorescing nanowires appear to be less stable in comparison to the
blue-green nanowires.
3.4.3 Fluorescence Response to Electric Field Over Time
Figure 29 shows the change in fluorescence over time of brown ZnO nanowire
samples when exposed to a constant field.
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Figure 29: Microscope images showing the UV fluorescence change over time
of Sample II when tested as field emitters. (a)(d) show the initial state of the
sample, (b)(c) after being exposed to E = 5.5V/µm for 1 hour and 2 hours
respectively, (d)(e) after being exposed to E = 11.0V/µm for 1 hour and 2
hours respectively.
Comparing Figure 29(b)(c) to 29(d)(e), it can be seen that the change in
fluorescence is more pronounced when the sample is tested under a stronger
electric field, as was seen for Sample I. We also note that the change in fluo-
rescence does not occur uniformly across the sample. This can be seen in Fig-
ure 29(b)(c)(e), where there are areas of green fluorescence amid brown. We
attribute this to the nanowires on the sample not being of uniform height, re-
sulting in certain locations being better field emitters than others. This results
localized heating and subsequent modification of the surrounding nanowires.
Figure 29(e) shows complete modification of the sample after 2 hours of test-
ing. This occurs because the nanowire clusters that were initially acting as the
field emitters in the 29(d) eventually burn out their tips due to high current,
and this results in other nanowires acting as field emitters and undergoing the
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modification process in turn.
3.4.4 Energy Dispersive X-ray Spectroscopy (EDX/EDS)
As was done for the Sample I, EDX analysis was performed on the Sample
II to obtain information on the chemical composition of the nanowires before




Atomic% 41.2 ± 0.4 39.6 ± 0.2 19.2 ± 0.5
Ratio to Zn 1 0.96 0.47
1.5KeV
Atomic% 51 ± 1 34.1 ± 0.8 15.0 ± 0.7




Atomic% 41.3 ± 0.9 38.9 ± 0.8 19.8 ± 0.5
Ratio to Zn 1 0.94 0.48
1.5KeV
Atomic% 55 ± 2 35 ± 2 9 ± 1
Ratio to Zn 1 0.64 0.17
Table 3: Table showing EDX atomic composition of Sample II before and after
field emission as measured using electron source 1.5KeV and 15KeV.
Comparing the EDS data of Table 2 and 3, we find no significant difference
between the chemical composition of the Sample I and II when analysed under
the 15KeV electron beam. With the 1.5KeV beam, the composition of carbon
for Sample II is found to be higher compared to Sample I.
After field emission, carbon content at the surface of the nanowires is found
to have decreased. This is in contrast to the results of Sample I, where carbon
content at the surface increased after field emission. This reduction in carbon
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would point to an agreement with the theory that the carbon is removed from
the nanowires through oxidisation.
3.4.5 X-ray Photoelectron Spectroscopy
Figure 30: XPS spectra comparing green ZnO nanowires (Sample A) and
brown ZnO nanowires (Sample D) as reported by K.Y.Lim et al..(a) shows the
C1s spectra, (b) the Zn2p spectra, and (c) the O1s spectra.
XPS data of Sample II was not obtained at the point of this report due
to equipment issues. Reference material comparing green and brown ZnO
nanowires by K.Y.Lim et al. grown in the same manner as Sample I and II is
included here to justify the claim of successful carbon incorporation into ZnO
nanowires. They determined a peak at 281.6eV to be due to Zn-C bonding[13],
suggesting the subsitution of O with C in the ZnO lattice[9]. This peak was
not seen for the sample producing green fluorescence. Also noted is the change
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in BE of Zn, where the lesser binding energy of Zn in Sample D is attributed
to carbon being less electronegative than oxygen.
3.4.6 High-Resolution Transmission Electron Microscope
Figure 31: HRTEM images of brown type ZnO nanowires provided by
K.Y.Lim. In (a), it can be seen that the nanowire has a core-shell structure.
The outer layer appears to have nanoparticles embedded in an amorphous ma-
trix as seen in (b). (c) shows the discontinuity in the lattice of the nanowire.
HRTEM images of brown ZnO nanowire similar to those of Sample II were
provided by K.Y.Lim. For the brown nanowires, it was found to consist of
a core-shell structure. The outer core appeared to have nanocluters of ZnO
embedded in an amorphous medium. The atomic separation for the lattice
was reported to be 0.265nm, which is larger than the reported value for the
lattice in the green ZnO. They attribute this to either lattice relaxation in the
amorphous layer, or due to the formation of ZnxCy in the lattice, which due
to carbon having a larger atomic/ionic radius, cause the lattice constant to be
larger[9].
We were unable to obtain HRTEM images of the nanowires of Sample II
after field emission. Based on the EDS data measured at 1.5KeV, we believe
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that the nanoclusters in other layer of the nanowires contains the ZnxCy bonds
which give rise to the red-brown fluorescence. After field emission, we find that
carbon composition for Sample II decreases instead of increasing which was
what was observed for Sample I. It is believed that the heating of the emission
current oxidises the carbon in amorphous layer, while at the same time atomic
migrations in the crystal reduce defects in the ZnO inner core of the nanowire.
This would correspond to an increase in the exciton peak as seen in the PL
spectra for Sample II.
3.4.7 Ultraviolet Photoelectron Spectroscopy
In order to complete the analysis of the ZnO nanowires as field emitters,
the work function of the nanowires is needed. As we are unsure of how the
inclusion of carbon has affected the electronic structure of the nanowires, lit-
erature values of the work function of ZnO nanowires are unsuitable, and we
instead make use of ultraviolet photoelectron spectroscopy to determine the
work functions for our samples.
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Figure 32: UPS spectra for Sample I and Sample II, before and after field
emission.
From the UPS data and using the formula Φ = hν − (Ef −Elec), where hν
is the energy of the excitation photon, Ef is the Fermi level energy and Elec
the low energy cut-off, we calculate the following work function:
Work Function Φ, eV Enhancement Factor β
Sample I before FE 5.18 1530
Sample II before FE 5.53 2580
Sample I after FE 5.05 1500
Sample II after FE 5.08 2350
Table 4: Work function and enhancement factor of Sample I and II before
and after field emission, calculated from the UPS and F-N data. Though
significantly different before field emission, the work function of both samples
are reduced after field emission, resulting in increased emission current.
It was found that the initial work function of Sample II was higher than
that of Sample I. This agrees with the field emission data shown in Figure 15
previously, where the turn-on field required for Sample II was higher compared
to that of Sample I, and the field emission current of Sample II was much lower
than that of Sample I. The work function of both samples decrease after field
emission, and we believe to be an indication that the field emission process has
caused a chemical modification in the nanowires, especially for Sample II. This
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chemical shift and corresponding lowering of the work function is thought to
be the contributing factor in the gradual increase in field emission efficiency
that both samples demonstrated.
With the work functions of the samples and the data from the linear fit
of the F-N plots shown in Figures 17 and 24, we were able to calculate the
enhancement factor β for the nanowires of Sample I and Sample II. Results
indicate that the enhancement factor of Sample II is higher than that of Sam-
ple I. Given that the data from the SEM images in Figure 8 indicated that
the nanowires were of similar dimensions, we expected the enhancement fac-
tor of the two samples to have around the same value. However, because the
nanowires of Sample I are not well aligned and also not as uniform when com-
pared to Sample II, the parts of the nanowire exposed to the highest E-field,
and which participate in the emission of electrons may not be the tips of the
nanowires for Sample I. Since any other part of the nanowire will have a larger
surface area compared to the tip, this leads to a lower enhancement factor for
Sample I.
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4 Conclusion and Future Work
4.1 Conclusion
We have demonstrated that through the use of field emission, we are able to
modify the UV fluorescence of CVD grown carbon-enriched ZnO nanowires. It
was found that for blue-green fluorescing ZnO nanowires (Sample I), the field
emission process resulted in an increase in fluorescence intensity. The same
increase in intensity was found for brown fluorescing nanowires (Sample II),
but in addition there was also a shift of the fluorescence colour from brown
to blue-green. The fluorescence colour of Sample II after field emission was
found to be similar to that of Sample 1. The difference in fluorescence colours
for the ZnO nanowires comes about from the different defects present in the
nanowires. The blue-green colour of Sample I is attributed to mostly oxygen
vacancies, while the brown of Sample II is thought to arise from ZnxCy species
in the nanowire.
Based on the analysis of a combination of FM, PL, EDX and HRTEM, the
field emission process is thought to affect the nanowires by causing the migra-
tion of carbon from the core to the surface of the nanowires. This migration
of atoms allows for the improvement in the crystalline quality of the core of
the nanowire, as demonstrated by the increase in the exciton peak shown after
field emission.
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We believe the carbon undergoes an oxidation process at the surface with
the oxygen in the nanowires. This results in an increase in oxygen vacancies in
the surrounding area that manifests as an increase in the PL emission intensity
in the 525nm region for both samples, and an additional blue shift of the PL
of Sample II which is initially brown fluorescing due to a higher concentration
of carbon. Similar fluorescence colour shift for ZnO using thermal annealing in
ambient conditions have been reported. However, as the field emission process
is conducted under high vacuum, we believe it unlikely that there is excess
oxygen to oxidise off the carbon in our nanowires, as is the case for thermal
annealing. Instead, any oxidation of the carbon requires the removal of oxygen
from the nanowires.
Also of note is the change in work function of the nanowires after field
emission. It is found that the field emission process results in a chemical
modification of the nanowires, reducing the work function and increasing sub-
sequent field emission current produced by the nanowires.
4.2 Future Work I - HRTEM
The high-resolution transmission electron microscope (HRTEM) images
used in this report were obtained from K.Y.Lim, also of the Nanomaterials
Research Laboratory. As the nanowires produced in this report were created
under his guidance and instructions, we are confident that the HRTEM images
reported is representative of the nanowires we have. However, we would like
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to explore further, and obtain HRTEM of the nanowires after undergoing field
emission to examine the changes in the lattice. We are especially interested
in the nanowires of Sample II, as they change from brown to blue-green, and
even have some purple fluorescence. HRTEM images of the nanowires after
field emission would be able to prove or disprove our theory that the purple
fluorescing nanowires are created when the amorphous outer layer is removed
due to the field emission process.
Some challenges for this is the inablilty to examine the same nanowire
before and after field emission. An ideal comparison of the lattice of the
nanowires would have the HRTEM images of a nanowire, use that nanowire
as a field emitter, then analyse the same nanowire again under HRTEM to see
the changes induced, which is not possible due to the way samples need to be
preprocessed for TEM imaging. An additional complication to solve is that as
we have shown, the emission of current from the sample is not uniform due to
inhomogeneity of the nanowire growth. Thus we face the uncertainty of not
knowing if the nanowires under inspection in the HRTEM have been acting as
field emitters or not.
4.3 Future Work II - X-ray Photoelectron Spectroscopy
We also aim to improve the XPS analysis of the samples to compare the
nanowires before and after field emission. Current limitations which we expe-
rience involve the size difference between the field emission testing area, and
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the XPS beam spot size. Due to the tested area being much smaller than the
beam size, the XPS signals of the region of interest is weak and difficult to
resolve into individual peak components. We intend to solve this by modify-
ing a larger sample through field emission, such that we can get an area large
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